We examined the graphene and carbon nanotubes in 5 groups according to their structural and electronic properties by using ab initio density functional theory: zigzag (metallic and semiconducting), chiral (metallic and semiconducting), and armchair (metallic). We studied the structural and electronic properties of the 3D supercell graphene and isolated SWCNTs. So, we reported comprehensively the graphene and SWCNTs that consist of zigzag (6, 0) and (7, 0), chiral (6, 2) and (6, 3), and armchair (7, 7). We obtained the energy band graphics, band gaps, charge density, and density of state for these structures. We compared the band structure and density of state of graphene and SWCNTs and examined the effect of rolling for nanotubes. Finally, we investigated the charge density that consists of the 2D contour lines and 3D surface in the XY plane.
Introduction
The physics of carbon nanotubes (CNTs) has evolved into a research field since their discovery [1] . The CNTs have been researched in a lot of forms from single-walled (SWCNT) and multiwalled (MWCNT) carbon nanotubes to array and bundle carbon nanotubes. A SWCNT can be described as a graphene sheet rolled into a cylindrical shape along a vector with the specified direction which is called chiral vector. SWCNTs can be characterized by the chiral vector C h = n a 1 + m a 2 (n, m are integers and 0 ≤ |m| ≤ n). SWCNTs can be classified as armchair (n, n), zigzag (n, 0), and chiral (n, m) nanotubes [2, 3] . The geometrical structure of SWCNTs can directly affect their electronic properties and other several characteristics like mechanical, thermal, and transport. Experimental studies and electronic band structure calculations [4, 5] indicate that the (n, m) indices determine the metallic and semiconducting behavior of SWCNTs. The semiconducting energy gap in the SWCNTs depends on the nanotube diameter [6] . Zigzag (n, 0) SWCNTs shows the metallic characteristic when n/3 is an integer. Otherwise, they are semiconducting. When C h rotates away from zigzag (n, 0), chiral (n, m) SWCNTs are obtained. Chiral (n, m) SWCNTs show the metallic characteristic when (2n + m)/3 is an integer. Otherwise, they are semiconducting. Finally, when C h rotates 30 • relative to zigzag (n, 0), armchair (n, n) SWCNTs are obtained and their n and m indices are equal. The armchair (n, n) SWCNTs are expected to show metallic characteristic [7] .
The existence of SWCNTs has been confirmed experimentally through high-resolution transmission electron microscopy (TEM) [8] and scanning tunneling microscopy (STM) [9] . The electronic properties of SWCNTs have been studied by a lot of researchers since that time. For example, Minot et al. [10] who employed atomic force microscopy (AFM) reported the results that showed the band gap changes with the stretch of the CNT. Additionally, Dohn et al. [11] found that the conductance of MWCNTs varies as a function of the applied strain. Moreover, Tombler et al. [12] reported that the electrical properties of CNT vary with the tapping depth in AFM applications. Many simulation-based studies have been performed to show the potential to use the unique electronic properties of SWCNTs to develop nanoscale electronic devices. In recent years, molecular dynamic simulation-based programs have been used to investigate the electronic and mechanical properties of SWCNTs.
Here we reported on a detailed study of the electronic properties, density of state (DOS), and charge density of supercell graphene and isolated SWCNTs. We examined the carbon nanotubes in 5 groups according to their structures and electronic properties: zigzag (metallic and semiconducting), chiral (metallic and semiconducting), and armchair (metallic). We investigate the effects of rolling from graphene to nanotube and discuss the electronic properties of zigzag (6, 0) (24 atoms) and (7, 0) (28 atoms), chiral (6, 2) (104 atoms) and (6, 3) (84 atoms), and armchair (7, 7) (28 atoms) nanotubes. In Section 2 we describe the computational method used in this work. The electronic properties and charge density of graphene and isolated nanotubes are presented in Section 3. Finally, Section 4 summarizes our work and contains our conclusions.
The Material and Computational Methods
In our work we used two programs, the TubeGen code [13] and SIESTA ab initio package [14] . We relaxed the nanotubes by using the radius conv, error conv, and gamma conv, which are parameters in the TubeGen code, and obtained the atomic position and the lattice parameters, which were used in the SIESTA input file.
The total energy and electronic structure calculations are performed via the first principles density functional theory, as implemented in the SIESTA. For the solution method we used the diagon, a parameter in the SIESTA. For the exchange and correlation terms, we used the local density approximation (LDA) parameterized by Perdew and Zunger [15] and nonlocal norm-conserving pseudo potentials [16] . For carbon atoms 1s state is the core state, while the 2s and 2p states form the valence states. The valence electrons were described by localized pseudo atomic orbitals with ISRN Nanotechnology a double-ζ singly polarized (DZP) basis set [17] . Basis sets of this size have been shown to yield structures and total energies in good agreement with those of standard planewave calculations [18] . Real-space integration was performed on a regular grid corresponding to a plane-wave cutoff around 300 Ry, for which the structural relaxations and the electronic energies are fully converged. For the total energy calculations of graphene and isolated CNTs we used 25 k points. We relaxed the isolated CNTs until the stress tensors were below 0,04 eV/Å 3 and calculated the theoretical lattice constant. In the band structure calculations we used 161 band k vectors for the A, Γ, M, K, Γ, and A points.
Results and Discussion
We first relaxed the zigzag (6, 0) and (7, 0), armchair (7, 7) , and chiral (6, 2) and (6, 3) graphene and nanotubes. We considered their geometrical and electronic properties while selecting these structures. For graphene structure, we constituted the super cell structure by increasing atom number along the x-axis so that we could obtain the suitable nanotubes. Then, we rolled them into a cylindrical shape along the chiral vector of graphenes and created the nanotubes. Consequently, we calculated the band structure, DOS and the charge density of these structures.
3.1. Zigzag Carbon Nanotubes. In Figure 1 (b) we show the band structure of an isolated (6, 0) nanotube. Also, Figure 1 (a) contains the graphene electronic dispersion. The right part of both graphics is the density of state of graphene and nanotube. The supercell graphene and isolated (6, 0) nanotube include 24 carbon atoms. The maximum valence and minimum conduction bands are indicated by the black dots in the band structure figures. We examine the electronic bands of graphene and nanotube along the high-symmetry A-Γ-M-K-Γ-A directions. The Femi level is set to zero in Figures 1(a) and 1(b) and other band structure graphics. The graphene is a semimetal, but the Fermi surface consists only of six distinct points. This peculiar Fermi surface is responsible, for example, for the sometimes metallic and sometimes semiconducting character of carbon nanotubes and also for effects like phonon softening in metallic tubes [7] . There are two carbon 4 ISRN Nanotechnology atoms in the unit cell of graphene. Along the x-axis, we increased the atom number of graphene up to 24 atoms and obtained a supercell graphene that has C h = 14.8945Å. As a result of this process, the band structure of graphene shows similarities to the zigzag (6, 0) nanotube which has diameter = 4.74106Å. Nevertheless, the electronic structure of the zigzag (6, 0) nanotube shows significant differences relative to (6, 0) graphene; for example, we see more intense bands near the Fermi level. The conduction band minimum that has energy −0.1556 eV is between the A-Γ points and close to the Γ point. The valence band maximum that has energy 0.4101 eV is between the K-Γ points and close to the Γ point. Thus, we can tell that the zigzag (6, 0) nanotube shows metallic behavior. In Figure 1 , both the valence and conduction bands are affected by the rolling up of the graphene sheet. The conduction bands, however, are strongly affected by curvature of the nanotube [19] .
To investigate the effect of rolling on the band structure of a nanotube, we realize a similar calculation for the zigzag (7, 0) nanotube. Figure 3 shows the band structure and DOS of the zigzag (7, 0) graphene (a) and nanotube (b). In the calculation of (7, 0) graphene and nanotube, we only changed the chiral vector of graphene along the x-axis. Thus, we obtained that the chiral vector of graphene is 17.3374Å and the diameter of (7, 0) nanotube is 5.51868Å. This difference did not affect too much the electronic structure of graphene except for the valence and conduction band number. The valence band number of the (6, 0) graphene and nanotube is 48 and that of the (7, 0) graphene and nanotube is 56. Band structure of the (7, 0) graphene is almost the same as that of the (6, 0) graphene. However, the electronic properties of (7, 0) nanotube significantly change. We have seen that the zigzag (7, 0) nanotube shows semiconducting properties. We found that the semiconducting energy gap is E g = 0.5022 eV for this nanotube. Also, we can see the band gap change in the Fermi level by examining the DOS graphic.
Armchair Carbon Nanotubes.
To research the effect of curvature on the band structure of SWCNTs, we show the same calculations for different graphenes in Figure 5(a) . To obtain the armchair (7, 7) graphene, the C h vector rotates 30 • relative to the zigzag (7, 0).This chiral angle difference affects the structure of graphene band relative to a zigzag graphene. We obtained that the chiral vector of the (7, 7) graphene is 29.9179Å and the diameter of the (7, 7) nanotube is 9.52316Å. We show that the band gaps in the Γ-M-K-Γ points of (6, 0) and (7, 0) graphene are 0.5355 eV and 0.2275 eV, respectively. But, the armchair (7, 7) graphene does not have a similar band gap. Also, it clearly shows metallic properties. After constituting armchair (7, 7) nanotube, the tube k z direction is now along the Γ-K-M line of graphene. The graphene Fermi point at K is thus always included in the allowed states of an armchair tube and these tubes have metallic properties [20] . In Figures 2(a) , 4(a), and 6(a), because we generate a supercell graphene along the x-axis, the geometrical structures of these graphenes contain defects. So, the maximum valence band in the band structure of graphene exceeds the Fermi level. When we generate a nanotube by using supercell graphenes, these defects are eliminated.
Chiral Carbon Nanotubes.
The electronic dispersion for the (6, 2) graphene and chiral (6, 2) nanotube is shown in Figures 7(a) and 7(b) , respectively. We rotated the chiral angle of (6, 0) graphene by 13.89 • to obtain the chiral (6, 2) nanotube. The graphene electronic dispersion is dramatically different according to the valence and conduction bands of the other graphenes. This difference in graphene shows itself in chiral (6, 2) nanotube as well. The conduction band minimum is at the A point energy of 0.0934 eV and the valence band minimum is at the Γ point energy of 0.0031 eV. We found that the (6, 2) graphene is semiconducting with low energy gap of 0.0965 eV. In addition, (6, 2) graphene does not have the defects that the other graphenes have. Then, when (6, 2) graphene sheet is rolled into a cylindrical shape, chiral (6, 2) nanotube is obtained, which shows different semiconducting behavior from the other nanotubes. Because, the band energy of A point is close to the band energy in other high symmetry points. The conduction band minimum has energy 0.4091 eV is at A point and the valence band maximum has energy −0.42 eV is at Γ point. The semiconducting energy gap of chiral (6, 2) nanotube is E g = 0.8291 eV, and we can say that this nanotube has a big band gap relative to other nanotubes.
Finally, our last calculation is for the (6, 3) graphene and chiral (6, 3) nanotube, which is shown in Figures 9(a) and 9(b), respectively. These structures are similar with (6, 2) . We only rotated the chiral angle of (6, 0) graphene by 19.11 • . However, we have seen that this angle has a big effect on the electronic properties of the nanotube (6, 3) . Firstly, 6 ISRN Nanotechnology if we examine the graphene band structure, we show that the graphene has indirect band gap with E g = 0.0516 eV. This band gap is smaller than that of the (6, 2) graphene. Moreover, (6, 3) graphene has a different band gap because of the geometrical structure defects. The conduction bands are strongly affected by these defects. When this graphene sheet is rolled into a cylindrical shape, we constitute chiral (6, 3) nanotube and can observe better changes in its electronic dispersion. We obtain a low band gap, E g = 0.0488 eV, for chiral (6, 3) nanotube, which is a quasimetallic nanotube. The lowest conduction band has energy 0.0237 eV, which is between the A-Γ points and close to the Γ point. The highest valence band has energy −0.0251 eV, which is between the A-Γ points and close to the Γ point. We show that the valence and conduction bands of nanotubes are asymmetric with respect to the Fermi level. There are two important reasons for the different behavior below and above the Fermi level. Firstly, the electronic dispersion of graphene is different for the valence and conduction bands. Secondly, higher bands move toward the Fermi level because of the curvature.
Charge Density of Carbon Nanotubes.
In this study we obtained the self-consistent density by using eigenfunctions of the system in the k-points. The valence charge density for the calculated all nanotubes is presented in Figures 2, 4 Maximum peaks represent the carbon atoms and the C-C bonds. In the minimum density regions, the carbon atoms do not bond with each other on the surface. We show the charge density for zigzag (6, 0) and (7, 0) graphene and nanotube in Figures 2 and 4 , which contains six and seven peaks, respectively. These peaks have two little peaks. The little peaks represent the electrons that bond to other two carbon atoms because the graphene and nanotubes have the sp2 hybridization. In Figure 6 we show the charge density of the armchair (7, 7) graphene (a) and nanotube (b). Here, there are 7 peaks and each peak contains two carbon atoms that bond to each peak. Armchair (7, 7) nanotube has lower charge density than zigzag nanotubes (peaks of nanotubes are the red color) because it has a big diameter with respect to zigzag nanotubes. The charge densities of the chiral graphene and nanotubes are seen in Figures 8 and 10 . They have more electron density on the surface with respect to zigzag and armchair because of their geometrical structure. There are defects in the zigzag and armchair graphenes, but the chiral (6, 2) graphene does not have such defects because of more electron density in their surface. The chiral (6, 3) graphene has lower electron density relative to the chiral (6, 2) graphene. So we show the structural defects in the conduction band of the chiral (6, 3) graphene. We can say that these defects are caused by minimum density regions between carbon atoms.
Conclusions
We have reported the structural and electronic properties of the supercell graphene and SWCNTs, which consist of zigzag (6, 0), zigzag (7, 0), chiral (6, 2), chiral (6, 3) , and armchair (7, 7) , and investigated the effect of rolling for nanotubes. Moreover, we have examined the charge density of these structures. The zigzag and armchair supercell graphenes have structural defects because of the charge density dispersion on their surface. However, we found that chiral (6, 2) graphene does not have defects in the structure. When these graphene sheets are rolled into a cylindrical shape, the obtained nanotubes do not have defects. While the zigzag (6, 0) nanotube shows metallic behavior, zigzag (7, 0) nanotube shows semiconducting behavior and we found that its band gap is of E g = 0.5022 eV. The armchair (7, 7) nanotube shows similar properties to those of armchair (7, 7) graphene and shows metallic behavior. For chiral (6, 2) graphene, we obtain a low band gap of E g = 0.0965 eV. Chiral (6, 2) nanotube shows semiconducting behavior and has a big band gap of E g = 0.8291 eV. A similar way to chiral (6, 2) graphene for chiral (6, 3) graphene, we obtained a low band gap is E g = 0.0516 eV. When this graphene is transformed to chiral (6, 3) nanotube, we obtain the quasimetallic chiral (6, 3) nanotube whose band gap is of E g = 0.0488 eV.
